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Atmospheric deposition as a source of heavy metals in urban stormwater 
 
Abstract 
Atmospheric deposition is one of the most important pathways of urban stormwater pollution. 
Atmospheric deposition which can be in the form of either wet or dry deposition have distinct 
characteristics in terms of associated particulate sizes, pollutant types and influential 
parameters. This paper discusses the outcomes of a comprehensive research study undertaken 
to identify important traffic characteristics and climate factors such as antecedent dry period 
and rainfall characteristics which influences the characteristics of wet and dry deposition of 
solids and heavy metals. The outcomes confirmed that Zinc (Zn) is correlated with traffic 
volume whereas Lead (Pb), Cadmium (Cd), Nickel (Ni), and Copper (Cu) are correlated with 
traffic congestion. Consequently, reducing traffic congestion will be more effective than 
reducing traffic volume for improving air quality particularly in relation to Pb, Cd, Ni, and 
Cu. Zn was found to have the highest atmospheric deposition rate compared to other heavy 
metals. Zn in dry deposition is associated with relatively larger particle size fractions (>10 
µm), whereas Pb, Cd, Ni and Cu are associated with relatively smaller particle size fractions 
(<10 µm). The analysis further revealed that bulk (wet plus dry) deposition which is 
correlated with rainfall depth and contains a relatively higher percentage of smaller particles 
compared to dry deposition which is correlated with the antecedent dry period. As particles 
subjected to wet deposition are smaller, they disperse over a larger area from the source of 
origin compared to particles subjected to dry deposition as buoyancy forces become dominant 
for smaller particles compared to the influence of gravity. Furthermore, exhaust emission 
particles were found to be primarily associated with bulk deposition compared to dry 
deposition particles which mainly originate from vehicle component wear. 
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1. Introduction 
Urban stormwater runoff is an important pathway for the transport of pollutants generated by 
anthropogenic activities. Key pollutants such as heavy metals which can be primarily related 
to traffic related emissions will either accumulate directly on ground surfaces or will initially 
accumulate in the atmosphere (Gunawardana et al., 2012; Sabin et al., 2006). With time, 
these atmospheric phase pollutants will also deposit on ground surfaces for eventual transport 
by stormwater (Huston et al., 2009). Therefore, atmospheric deposition can directly influence 
stormwater quality. The importance of this phenomenon needs to be viewed in the context of 
incessant urban growth common to most parts of the world and coupled with increasing 
anthropogenic activities such as vehicular traffic. For example, the average annual growth 
rate of new vehicle registrations in Australia from 2003 to 2008 was 3% (ABS, 2008).  
 
As air quality standards are commonly formulated for particles <10 µm due to human health 
concerns, most research on traffic related emissions has focused on particles in this size 
fraction (Fitz, 2001; Sabin et al., 2006). However, Kakooei and Kakooei (2007) have noted 
that more than 50% of total suspended particulate matter from vehicle emissions is >10 µm. 
Also, due to gravity, coarse particles deposit relatively rapidly from the atmosphere. 
Therefore, particles >10 µm are the most important in terms of atmospheric deposition and 
resulting stormwater pollution.  
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Fundamentally, there are two types of atmospheric depositions which have distinct 
characteristics in the context of stormwater pollution. During rainfall, atmospheric deposition 
occurs as wet deposition and at other times, as dry deposition. The investigation of dry 
deposition has been widely undertaken at local and regional scales (for example, Davis and 
Birch, 2011; Paode et al., 1998). However, there has been only limited investigation of both, 
wet and dry deposition together, particularly in Australia (Huston et al., 2009; Pekey et al., 
2007). Based on past research findings, it has been concluded that atmospheric pollution is 
influenced by traffic and land use related activities (Davis and Birch, 2011; Opher and 
Friedler, 2010). Implicitly, land use related activities also influence traffic characteristics.  
 
This paper presents the outcomes of a research study which investigated the relationships 
between atmospheric deposition of solids and associated heavy metals with antecedent dry 
period and rainfall characteristics. Additionally, the correlation of solids and heavy metals 
with traffic characteristics was also investigated.  
 
2. Materials and methods 
2.1 Study site selection  
Field investigations were conducted at two sets of study sites at Gold Coast, Australia as 
shown in Fig. 1. The first set of sites was from highly urbanised areas (referred to as “Set 1”) 
with a varied range of urban activities in the immediate vicinity. This set of study sites was 
selected to investigate the influence of intense anthropogenic activities on atmospheric 
deposition. The second set of sites (referred to as “Set 2”, see Fig. 1) was located on typical 
suburban roads sites with a range of traffic volumes. These sites were selected primarily to 
investigate the influence of traffic characteristics on atmospheric deposition. Each set of study 
sites consisted of four sites and their characteristics are given in Table 1. Traffic volume, in 
the form of average daily traffic (ADT) and traffic congestion in the form of volume over 
capacity (V/C) was obtained for the selected “Set 2” sites using automatic traffic counters. 
“Set 1” sites are non road sites. Hence the collection of traffic data was not applicable for 
these sites. Sampling at “Set 1” sites were undertaken by positioning samplers to ensure that a 
representative sample was collected. “Set 2 sites were sampled by positioning samplers on the 
shoulder of the selected road. Wind data were obtained from the principal meteorological 
station at the Gold Coast Seaway (Station ID: 040764).  
 
2.2 Field sampling 
As it was not practical to collect wet deposition samples separately, wet plus dry deposition 
referred to as bulk deposition and dry deposition sampling was conducted at each sampling 
location. The wet and dry deposition sampling apparatus developed by Hill and Caritat 
(2002) was adapted for the sampling. The sampler was modified to suit the sampling 
programme with two sampling heads incorporated to accommodate bulk and dry deposition 
sampling as shown in Fig. 2. The picket holding the sampling heads extended to a height of 
2000 mm above ground level to minimise contamination from resuspended particles generated 
by traffic induced and natural wind. As reported by Rocher et al. (2004), resuspended particles 
due to vehicle induced wind is not significant at a height above 2000 mm from ground level. 
 
Both bulk and dry deposition collectors were installed at the same time immediately after a 
rainfall event, as the atmospheric pollutant load is minimal (Ravindra et al., 2003). One 
sampling head was used to collect dry deposition and the other to collect bulk deposition. Each 
site was sampled eight times covering three rainfall events and five dry sampling events. Dry 
deposition samples were collected at antecedent dry days of 3, 4, 5, 6, and 7 days after a 
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rainfall event. Bulk deposition samples were collected immediately after rainfall events which 
occurred after 2, 3 and 6 antecedent dry days over the sampling period. Sample collection 
(AS/NZS, 2003: 3580.10.1) and sample handling (AS/NZS, 1998: 5667:1) was undertaken 
according to specified standard methods. 
 
2.3 Laboratory testing 
2.3.1 Solids 
Solids in atmospheric deposition were tested according to Method IO-2.1 (USEPA, 1999). 
Samples collected in the liquid matrix were tested for total suspended solids and total 
dissolved solids concentrations according to Method 2540C (APHA, 2005) and Method 
2540D (APHA, 2005), respectively. The summation provided the total solids concentration.  
 
2.3.2 Heavy metals 
Samples were analysed for heavy metal species commonly associated with traffic, namely, 
Lead (Pb), Zinc (Zn), Cadmium (Cd), Chromium (Cr), Nickel (Ni), and Copper (Cu) 
(Herngren et al., 2006; Sartor and Boyd, 1972). The analysis was conducted as described in 
USEPA Method 200.8 (USEPA, 1994) using Inductively Coupled Plasma Mass Spectrometer 
(ICP-MS). For quality assurance, certified reference material (CRM) recovery was compared 
against values given in the certificate and was found to be within 85% to 115%, which was 
considered acceptable as described in USEPA Method 200.8. Multi element standard solution 
V for ICP-MS prepared by TraceSELECT (Product No. 54704) was used for CRM. 
Analytical reagent-grade solvents supplied by Sigma-Aldrich were used for all analyses. 
 
2.3.3 Other parameters 
The total organic carbon (TOC) concentrations were determined using Shimadzu TOC-
VCSH Total Organic Carbon Analyser according to Method 5310B (APHA, 2004). TOC was 
selected as a parameter due to the likely association of heavy metals with organic carbon 
(Herngren et al., 2006). pH, and electrical conductivity (EC) were measured according to 
Methods 4500-HB and 2510B, respectively (APHA, 2005). Malvern Mastersizer S 
instrument with 300RF lens was used to determine the particle size distributions (PSD) 
(Malvern-Instrument-Ltd, 1997) as atmospheric deposition is influenced by the associated 
particle sizes (Sabin et al. 2006). The Mastersizer is capable of analysing particles in the 
range of 0.01-900 µm and typical results are presented in volumetric percentages. 
 
Quality control and quality assurance procedures were followed for the wet and dry 
deposition sampling and testing as specified in test method 3580.10.1 (AS/NZS, 2003). 
Testing of laboratory reagent blanks and field reagent blanks were undertaken as part of the 
quality assurance measures. Additionally, all the sampling apparatus were acid washed and 
then rinsed with deionised water followed by storage in air tight boxes to prevent 
contamination in the laboratory environment or during transportation. As a part of the quality 
assurance procedure, analytical grade stock solutions were used for the preparation of the 
standards.  
 
2.4 Multicriteria decision making method (MCDM) 
The data analysis was primarily undertaken using multicriteria decision-making methods 
(MCDM), PROMETHEE (Preference Ranking Organisation Method for Enrichment 
Evaluation) and GAIA (Graphical Analysis for Interactive Assistance). PROMETHEE is a 
non-parametric method which ranks objects or actions based on multiple variables or criteria. 
GAIA is a visualisation technique which is used to display PROMETHEE results as a simple 
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principal component (PC) biplot in PC1 and PC2 space (Gunawardena et al., 2012). A 
comprehensive review of PROMETHEE methodologies and applications is provided by 
Behzadian et al. (2010). Unlike the other commonly used methods for principal component 
analysis (PCA), which generally need a large number of samples for effective modelling, 
PROMETHEE can be successfully utilised for relatively small data sets. For example, 
Herngren et al., (2005) used a data set with only 15 objects to determine the association of 
heavy metals with different particle size ranges and organic matter. Therefore, PROMETHEE 
and GAIA have been widely used to analyse multivariate data for environmental decision 
making (for example, Herngren et al., 2005; Herngren et al., 2006; Khalil et al., 2004). A 
detailed discussion on PROMETHEE can be found elsewhere (Keller et al., 1991). Rules for 
the interpretation of the GAIA biplot have been provided by Espinasse et al. (1997).  
 
For the PROMETHEE analysis, the user needs to select the ranking order, weighting, 
preference function and a threshold value for each variable according to the objectives of the 
analysis (Ayoko et al., 2007). For PROMETHEE and GAIA analysis undertaken in this 
study, Decision Lab software (Decision Lab, 2000) was used. The V-shape preference 
function was selected for all the variables. This function compares values based on one 
threshold value for each variable. In this analysis, variables are set as maximum so that the 
decision axis, pi, points towards the most polluted site/s. 
 
3.  Results and discussion 
3.1 Solids in atmospheric deposition 
3.1.1 Dry deposition  
Fig. 3a illustrates the variation of dry deposition in the form of total suspended particulate 
matter with the antecedent dry period. The dry deposition increases with antecedent dry days 
for both “Set 1”and “Set 2” sites. Fig. 3a further shows that “Set 1” and “Set 2” sampling sites 
separate into two groups (Group A and Group B) and dry deposition at “Set 1” sites have 
contributed higher solids load compared to “Set 2” sampling sites for most of the sampling 
events irrespective of the antecedent dry days. For example, average dry deposition increased 
from 163.8 mg/m2 to 706.3 mg/m2 for “Set 1” sites as antecedent dry period increased from 3 
to 6 days. For the Set 2 sites, consistently lower dry deposition occurred during the initial 5 
days after a rainfall event. For example, except at one sampling point, average dry deposition 
increased from 84.4 mg/m2 to 290.2 mg/m2 as the antecedent dry period increased from 3 to 7 
days as shown in Fig. 3a. The higher pollutant deposition rates at “Set 1” sites is attributed to 
the fact these were located in areas with intense anthropogenic activities resulting in relatively 
higher generation of particulate pollutants and consequently higher deposition rates compared 
to typical suburban roads which comprised “Set 2” sites. 
 
3.1.2 Bulk deposition 
The solids data obtained from bulk deposition samples are shown in Fig. 3b. As evident in 
Fig. 3b, bulk deposition increases with rainfall depth for both “Set 1” and “Set 2” sites. For 
example, except at one sampling event, bulk deposition increased from 512 mg/m2 to 920 
mg/m2 for “Set 1” sites when the rainfall increased up to 19 mm. Bulk deposition increased 
from 6 mg/m2 to 486 mg/m2 for “Set 2” sites when the rainfall increased from 1.2 to 25 mm. 
Furthermore, the correlation analysis carried out to investigate the relationship between bulk 
deposition and rainfall found correlation coefficients of 0.6 and 0.7 for “Set 1” and “Set 2” 
sites, respectively. This further confirms that bulk atmospheric deposition is correlated with 
the rainfall depth.  
 
3.1.3 Particle size distribution (PSD) 
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The analysis of particle size distribution revealed that bulk deposition contains a higher 
amount of smaller particles compared to dry deposition as shown in Fig. 4. This is attributed to 
the ability of rainfall to scavenge fine particles in the atmosphere which does not easily settle 
under gravity due to buoyancy forces.  
 
3.2 Heavy metals in atmospheric deposition 
The heavy metals deposition rates for both dry and bulk deposition are shown in Fig. 5. The 
average heavy metal deposition rates were determined by dividing heavy metal mass obtained 
from the sampling by the respective antecedent dry days. As evident in Fig. 5a and 5b, Zn is 
the most dominant heavy metal in both, dry and bulk depositions followed by Cr for most of 
the sites. The high concentrations of Zn and Cr in bulk and dry depositions are attributed to 
the elevated concentrations of these metals in the atmosphere (Gunawardena et al., 2012). Xia 
and Gao (2011) and Councell et al. (2004) have noted that tyre wear is one of the primary 
sources of Zn in the urban atmosphere.  
 
Zn deposition rate which is two times higher in bulk deposition samples when compared to 
dry deposition as evident in Fig. 5 suggests that wet deposition is a significant source. 
However, this is not necessarily the case for Cr. For example, maximum Zn deposition rates 
for bulk and dry deposition were 2.5 and 0.85 mg/m2/day, whereas maximum Cr deposition 
rates were 0.25 and 0.22 mg/m2/day, respectively. Morsellia et al. (2003) noted that the 
solubility of heavy metals in wet deposition follow the order, Zn> Cd> Cu> Ni> Pb> Cr. 
Therefore, wet deposition can only scavenge a relatively smaller amount of Cr from the 
atmospheric phase. Furthermore, Samara and Voutsa (2005) found that the Mean Mass 
Median Aerodynamic Diameter (MMMAD) of these heavy metals follow the order, Pb < Cd 
< Ni < Cu < Cr. As Cr has the largest MMMAD, Cr would be expected to deposit primarily 
as dry deposition. 
 
The multicriteria decision making methods, PROMETHEE and GAIA were used to 
investigate the relationship between traffic characteristics and heavy metals in atmospheric 
dry deposition at the “Set 2” sites. The data matrix (size: 20 objects x 11 variables) with 
variables consisting of the six heavy metal species, average daily traffic (ADT), traffic 
congestion (V/C), total solids recovered from each sample (TD), antecedent dry period 
(ADP) and wind speed (wind). The size of this data matrix was considered to be adequate for 
reliable PROMETHEE and GAIA analysis (Behzdian et al., 2010). The 20 objects 
corresponded to the four “Set 2” sites and five dry deposition sampling events at each site. 
The resulting GAIA biplot is shown in Fig. 6a. Only “Set 2” sites were considered as these 
sites were located on roads and for which traffic data were available. “Set 1” sites were not 
located on roads. Based on the position of the vectors and resulting acute angles, Fig. 6a 
shows that the total solids mass in atmospheric deposition (TD) strongly correlates with the 
antecedent dry period (ADP) and Zn. This suggests that ADP influences atmospheric build up 
of Zn and consequent dry deposition. 
 
PROMETHEE and GAIA analysis was also undertaken to investigate the association of 
investigated heavy metals with different particle size fractions at the “Set 2” sites. The size of 
this data matrix was 20 objects x 11 variables. Objects were the same as the analysis 
discussed in relation to Figure 6a. The 11 variables consisted of the five particle size ranges 
of 0.01-5, 5-10, 10-50, 50-100, 100-900 µm and the six target heavy metals. The particle size 
ranges were determined based on the volumetric particle size distribution of the collected 
samples. The resulting GAIA biplot is shown in Fig. 6b. As evident in Fig. 6b, the Zn vector 
is oriented towards 10-50 and 50-100 µm size fractions while those for Pb, Cd, Ni and Cu are 
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oriented more towards 1-5 and 5-10 µm size fractions. Accordingly, it can be concluded that 
Zn is associated primarily with the relatively larger particle size fractions (>10 µm) whereas 
Pb, Cd, Ni and Cu are associated with relatively smaller particle size fractions (<10 µm). 
Except Cr, all the other heavy metals show relatively negative correlation with TOC. This 
suggests the limited association of heavy metals with organic compounds in the atmosphere. 
This is attributed to the primary origin of organic carbon being sources other than vehicular 
traffic and consequently, linkages between traffic generated organic carbon and heavy metals 
being overshadowed in the analysis.  
 
In Fig. 6a, the weak negative correlation shown by ADT and V/C is attributed to the road 
design and traffic management practices adopted in the study region. This creates traffic 
scenarios with two extremes in the form of high ADT with low V/C and low ADT with high 
V/C. High ADT with low V/C characterises a high volume of traffic, but low congestion due 
to higher service standard and the presence of multiple lanes. In contrast, low ADT with high 
V/C characterises congested traffic despite the fact that the traffic volume is low.  
 
As evident in Fig. 6a, Pb, Cd, Ni and Cu correlates with V/C. The same heavy metals show 
negative correlation with ADT. This suggests that these heavy metals are primarily generated 
due to congested traffic, though the traffic volume is low. This is a traffic scenario where 
vehicles often accelerate, then de-accelerate along with engine idle running which results in 
inefficient fuel combustion. Therefore, it can be argued that these heavy metals mainly 
originate from exhaust emissions. This conclusion is also supported by the relative fineness 
of particles associated with Pb, Cd, Ni and Cu in atmospheric deposition (Samara and 
Voutsa, 2005) as evident in Fig. 6a.  
 
As evident in Figure 6a, Zn in dry deposition shows a weak correlation with average daily 
traffic (ADT) and weak negative correlation with V/C. Therefore, traffic volume primarily 
contributes to the generation of Zn. As Zn is associated with relatively larger particles, it can 
be concluded that these particles would be generated by the wear of vehicle components such 
as tyre wear. Thorpe and Harrison (2008) have noted that vehicle component wear particles 
tend to be relatively larger than exhaust related particles. Patel et al. (2009) have further 
noted that exhaust particles are mostly associated with PM2.5. The fact that Zn primarily 
originates from the wear of vehicle components can be further supported by the findings from 
the studies undertaken by Streanbeck et al (2002) and Councell et al. (2004). 
 
In order to investigate the influence of land use on atmospheric heavy metal deposition, bulk 
deposition data collected at “Set 1” and “Set 2” sites were analysed together using 
PROMETHEE and GAIA and excluding the traffic data. The size of the data matrix was 11 
variables x 23 objects. The 11 variables consisted of the six heavy metal species, solids load 
(BD), antecedent dry period (ADP), total organic carbon (TOC), wind speed (wind) and 
rainfall. Although, there should be 24 objects corresponding to the 24 bulk deposition 
sampling events (four “Set 1” and “Set 2” sites each and three sampling episodes per site), 
one data point was removed as rainfall was not recorded for this event. The resulting GAIA 
biplot is given in Fig. 7. 
 
It is evident from Fig. 7, that there is no clear grouping of sites based on their dominant land 
uses. Also, not all “Set 1” sites are aligned in the direction of the decision axis pi as shown in 
Fig. 7. Therefore, this suggests that heavy metals in wet deposition are less sensitive to the 
source characteristics compared to dry deposition. This is attributed to the fact that wet 
deposition particles are smaller and hence they have the tendency to disperse over a larger 
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area from the source of origin. Consequently, buoyancy forces become dominant for smaller 
particles compared to the influence of gravity. 
 
Fig. 7 shows two clusters of bulk deposition sampling events (Group C and Group D), 
corresponding to 3 and 6 antecedent dry days. However, there is no clear grouping of sites 
corresponding to 2 antecedent dry days sampling event. This suggests that there is similarity 
in bulk deposition as the antecedent dry days reaches 3 days and beyond. Therefore, it can be 
concluded that atmospheric bulk deposition tends to have a similar variation with the increase 
in ADP. This is attributed to the fact that the atmospheric pollutant concentration becomes 
more uniform as the antecedent dry period increases and consequently atmospheric bulk 
deposition is more uniform. 
 
4.  Conclusions 
The following important conclusions were derived from the research study undertaken: 
• Zn has the highest dry and bulk deposition rates for most of the study sites. This is 
attributed to the high concentration of Zn in the atmosphere. The deposition rates of 
Zn is more than three times higher than the corresponding rates for the second most 
common element (Cr) in dry deposition. Furthermore, Zn deposition occurs due to, 
both, dry and wet deposition while Cr deposition occurs primarily by dry deposition.  
 
• Zn is correlated with traffic volume whereas Pb, Cd, Ni and Cu are correlated with 
traffic congestion. This suggests that the reduction in traffic congestion is relatively 
important for improving air quality, particularly in relation to Pb, Cd, Ni and Cu. 
 
• Zn in dry deposition is mostly associated with relatively larger particle size fractions 
(>10 µm) whereas Pb, Cd, Ni and Cu are mostly associated with relatively smaller 
particle size fractions (<10 µm) and wet deposition. Data analysis revealed that traffic 
volume contributes mostly larger particles such as vehicle component wear, whereas 
congestion contributes mostly finer particles where exhaust emissions predominate. 
Therefore, dry deposition appears to be the more important source of Zn, whereas wet 
deposition appears to be an important source of Pb, Cd, Ni and Cu.  
 
• Dry atmospheric deposition of solids correlates with the antecedent dry period 
whereas bulk deposition is correlated to the rainfall depth.  
 
• As particles subjected to wet deposition are smaller, they disperse over a larger area in 
the atmosphere from the source of origin compared to particles subjected to dry 
deposition as buoyancy forces become dominant compared to the influence of gravity. 
Consequently, wet deposition mostly contributes heavy metals associated with fine 
particles such as Pb, Cd, Ni and Cu. Accordingly, exhaust emission particles are 
associated primarily with bulk deposition compared to dry deposition particles.  
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Table 1: Characteristics of the selected sites 
 
“Set 1” study sites “Set 2” study sites 
Notation Land use Notation V/C ADT 
Primary land 
use 
Hi Typical residential area in close 
proximity to a major highway, 
construction sites and busy commercial 
centre (430m to the highway) 
Ab 0.57 8,742 Commercial 
Mi Urban centre with mixed land use 
including City Council depot  
Bi 0.61 4,633 Residential 
So Major urban centre with commercial, 
residential and industrial activities 
Di 0.46 10,690 Residential 
Ya Industrial centre in close proximity to a 
major highway (40m to the highway) 
Re 0.39 10,027 Residential 
 
Note: 
1. V/C - traffic volume over road capacity ratio (indicator for traffic congestion) 
2. ADT - Average Daily Traffic 
3. Traffic data provided are only for Set 2 sites. There are no traffic data for Set 1 sites as 
these are non-road sites. 
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Figure captions 
 
Figure 1: Location map of the study sites 
 
Figure 2: Atmospheric deposition sampling apparatus used for collecting dry and bulk 
deposition samples 
 
Figure 3: Comparison of solids loads in the samples collected, (a) dry deposition with dry 
days, (b) bulk deposition with rainfall depth 
 
Figure 4: Comparison of cumulative average particle size distribution for dry and bulk 
deposition 
 
Figure 5: Comparison of heavy metal concentrations in atmospheric deposition, (a) dry 
deposition, (b) bulk deposition 
 
Figure 6: GAIA biplots of dry deposition for “Set 2” sites, (a) correlation of heavy metals 
with traffic characteristics, (b) correlation of heavy metals with particle size fractions and 
excluding traffic characteristics 
Note: TD - solids mass; ADP - antecedent dry period; numbers, 3, 4, 5, 6 and 7 refers to the 
antecedent dry days 
 
Figure 7: GAIA biplot of bulk deposition for “Set 1” and “Set 2” sites  
Note: BD - bulk deposition; ADP- antecedent dry period; numbers 2, 3 and 6 refer to 2, 3 and 
6 ADPs 
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